This report highlights the importance of an individual chemical's odor impact in the olfactory identification of marijuana, cocaine, and heroin. There are small amounts of highly odorous compounds present in headspace of these drugs, with very low odor detection thresholds, that are more likely responsible for contributing to the overall odor of these drugs. Previous reports of the most abundant compounds in headspace can mislead researchers when dealing with whole odor of these drugs. Surrogate scent formulations, therefore, must match the odor impact of key compounds and not just the chemical abundance of compounds. The objective of this study was to compare odorous volatile organic compounds (VOCs) emitted from illicit drug samples of marijuana, cocaine, and heroin to surrogate smell formulations using simultaneous sensory (via human olfaction) and chemical analyses. Use of solid phase microextraction (SPME) allowed VOCs in drug headspace to be extracted and pre-concentrated on site, and analyzed by multidimensional gas chromatography-mass spectrometry-olfactometry (MDGC-MS-O). Use of MDGC-MS-O allowed for further separation of odorous compounds and simultaneous detection by the human nose of the separate odor parts that make up the total aroma of these drugs. The compounds most abundant in headspace were not the most odor impactful when ranked by odor activity values (OAVs) (defined as ratio of concentration to odor detection threshold, ODT). There were no apparent correlations between concentrations and OAVs. A 1 g marijuana surrogate lacked in odor active acids, aldehydes, ethers, hydrocarbons, N-containing, and Scontaining VOCs and was overabundant in odor active alcohols and aromatics compared with real marijuana. A 1 g cocaine surrogate was overabundant in odor active alcohols, aldehydes, aromatics, esters, ethers, halogenates, hydrocarbons, ketones and N-containing compounds compared with real. A 1 g heroin surrogate should contain less odor active acids, alcohols, aromatics, esters, ketones, and N-containing compounds. Drug quantity, age and adulterants can affect VOC emissions and their odor impact. The concept of odor activity value, then, is useful to researchers without access to more sophisticated instrumentation. Odor activity values can be calculated from published odor detection thresholds. More research is warranted to expand the database, and determine odor detection thresholds for compounds of interest. Additional information could be obtained from establishing ODTs of key odorants for canines.
The relationship between chemical concentration and odor activity value explains the inconsistency in making a comprehensive surrogate scent training tool representative of illicit drugs Somchai Rice 1 used to determine the odor characteristic as perceived by human olfaction [3] . It has been 38 suggested that structure-activity can be used to predict odor detection thresholds (ODT) [4] , 39 which is the lowest concentration at which 50% of the population can detect an odorant [5] .
40
Odor activity value (OAV) is calculated as the ratio of the concentration to the ODT, in 41 dimensionless units [6] . Despite studies spanning over 30 years on odor, odor character, and 42 mechanisms of detection, there is still no consensus on perception of odor.
43
ODT and OAV have been used to identify the characteristic odors of many sample 44 matrices. For example, highly odorous compounds have been identified in essential oils [7] 45 young Riesling and non-Riesling wines [8] , and emissions from animal buildings [9] . It has been 46 shown that ODTs decrease with increase in carbon chain length from propanal to octanal, but 47 ODT sharply increased with nonanal [10] . Although odor intensity and odorant concentration 48 has been directly correlated under intense sources [11] , highly impactful odor compounds are 49 found in smaller concentration and can easily be overlooked [12] .
50
There has been long standing interest in research investigating odor, chemical odor 51 signatures, and its application to forensics. Pig carcasses have been evaluated for volatile 52 organic compounds (VOCs) generated by decomposition; pig carcasses are the current surrogates 53 for human decomposition studies [13] . It has been shown that cadaver detector dogs were able 54 to detect human remains 667 days post removal of a body, although the chemical composition of the emitted VOCs were not investigated [14] . Seasoned bloodhounds can track and discriminate 56 between two individuals [15] , and human scent remains in the environment even when an object 57 is not touched [16] . An electronic nose was used to differentiate cannabis and tobacco smoking 58 subjects by human body odor [17] . Research has focused on the VOCs emitted, not on the odor 59 character, ODTs, or OAVs of key odorous compounds.
60
Researchers know that these forensic samples emit chemical odor signatures. When 61 surrogate formulations are made to mimic real field samples, and tested using odor detection 62 dogs, they often fail to illicit the same response as the actual sample. Canine response to cadaver 63 surrogate scent was evaluated [18] , composition C-4 volatiles investigated [19] , and narcotic 64 scents have been studied [20, 21] were not held in a closed system and had an undefined air flow across the surface. Therefore the 78 system was not at equilibrium between the liquid and vapor phases and actual vapor 79 concentrations available to canines were likely diluted [26, 27] . In a following study by 80 Moulton, Ashton, and Eayrs [27] there was an attempt to correct odor detection thresholds for of the original rice wine [28] .
88
The objective of this study was to compare odorous volatile organic compounds (VOCs) 89 emitted from illicit drug samples of marijuana, cocaine, and heroin to commercially available 90 surrogate smell formulations using simultaneous sensory (by human olfaction) and chemical 
101
This is a paradigm shifting approach to odor detection in the field of forensic sciences.
102
To date, this is the first report of using simultaneous chemical and sensory analysis to evaluate 103 surrogate training aids and real illicit drugs (marijuana, cocaine, and heroin). 
Materials and methods

106
Aromas were characterized by human nose from volatiles emitted into the headspace of 107 illicit marijuana, cocaine, and heroin. Various states of seizure were examined: 1) 50 kg of 108 marijuana in a cloth military style duffel bag; 2) 1g marijuana packaged in a plastic zip-top 109 sandwich bag; 3) 1 g old, desiccated marijuana with no packaging; 4) plastic zip-top sandwich bag with 1 g marijuana removed; 5) 1 g crack cocaine packaged as tear drops; 6) 1 g cocaine 111 adulterated with Levamisole; 7) 1 kg evidence pack containing cocaine; 8) 1 g cocaine in an 112 opened plastic bag; 9) 1 g heroin seized in 1997; 10) 1 g heroin seized in 2010. These real drug 113 samples were seized and processed by the state crime lab, and representative of drugs currently 114 on the market. As such, these samples had varying degrees of purity, adulterants, and 115 composition.
116
Sigma Pseudo™ Narcotic Scent Marijuana formulation (Fluka, #P7309), Sigma
117
Pseudo™ Narcotic Scent Cocaine formulation (Fluka, #P2423), and Sigma Pseudo™ Narcotic
118
Scent Heroin formulation (Fluka, #P2548) were purchased from Sigma-Aldrich (St. Louis, MO).
119
Sigma Pseudo™ Narcotic Scent Marijuana formulation composition is listed as pyrogenic 120 colloidal silica (1%), cellulose (98.5%), butane-2,3-diol (0.4%), and p-mentha-1,4-diene (0.1%).
121
Sigma Pseudo™ Narcotic Scent Cocaine formulation composition is listed as cellulose (98.9%),
122
pyrogenic colloidal silica (1%), and methyl benzoate (0.1%). Sigma Pseudo™ Narcotic Scent
123
Heroin formulation composition is listed as cellulose (74.1%), o-acetylsalicylic acid (25.2%),
124
acetic acid (0.3%), and pyrogenic colloidal silica (0.3%). Table 1 16 ounce mason jars with modified lids. The Carboxen/PDMS SPME fibers were exposed to the 134 headspace and volatiles were collected; equilibration time was the same as extraction time (1 h at 135 ambient temperature). When the extraction step was completed, the SPME fiber was retracted, 136 wrapped in pre-baked aluminum foil, placed in a pre-cleaned mason jar, and transported back to 137 the laboratory in a cooler on ice. In the laboratory, fibers were stored as described above in a 4 
156
The instrument was tuned daily and analysis of column blanks did not show any 157 contaminating compounds. Analysis of blank trip fiber (an unloaded SPME fiber taken to the 158 site and back, stored with fibers to be analyzed) at the end of each sampling run did not 159 demonstrate contaminating compounds. VOCs were identified tentatively using the Automatic 
168
Four parameters recorded using AromaTrax software (MOCON, Round Rock, TX) for 169 perception of odorants were utilized during olfactometry work. The first parameter was 170 detectability, defined here as the minimum concentration of the odorant needed to be recognized.
171
Intensity for each aroma note, defined here as the perceived strength of the aroma event, was also 
180
Each sample as outlined in Table 1 was collected on a single SPME fiber, each sample The distance between the markers is proportional to the knowledge of odor impact; large 
234
Effects of quantity of sample on marijuana odor perception 235 It is reasonable to hypothesize that the amount of sample present will affect the amount 236 of volatiles emitted, thus odors will be different between 1 g of marijuana and 50 kg of 237 marijuana, i.e., more sample mass leads to higher concentration of volatiles emitted. hedonic tone, intensity, and retention time for each peak are given in Table 2 and Table 3 . Table 2 ) and residual marijuana odor emitted from a plastic bag previously containing 1 g of illicit marijuana (red signal, B4 of Table 1 , aroma details in Table 3 ). "Characteristic" descriptor is used to tag an odor component that represents the Table 2 . 
380
formulation using Carboxen/PDMS SPME fiber. Chemical and aroma signals were generated simultaneously using a MD-GC- Table 3 Event# corresponds to numbered peaks in Figure 6 . "Characteristic" descriptor is used to tag an odor component that represent the overall aroma of the sample (i.e. smell of marijuana). Hedonic tone is the overall pleasant or unpleasantness of the descriptor (range is Unpleasant -4, through 0, to Pleasant +4). Intensity is on a scale of 0-100, with 100 being most intense; intensity sets the peak height. RT = Retention Time. Width is defined as width at half-height of the Aromagram peak. Event area is a dimensionless value = Intensity x Width x 100, and is comparable to peak area counts generated with a mass selective detector.
381
MS-O. Details on identification of compounds in TIC are given in
387
Similar analysis of residual odor of marijuana from a plastic bag showed similar results. and not by MS. Table 1 ). 1 hour static room temperature extraction of VOCs emitted 401 from a plastic bag previously containing 1 g of marijuana, using Carboxen/PDMS SPME fiber. Chemical and aroma 402 signals are generated simultaneously using a MD-GC-MS-O. Details on identification of compounds in TIC are
403
given in Table 3 in Rice and Koziel [22] . Details on compounds in Aromagram are given in Table 3 . Event# corresponds to numbered peaks in Figure 7 . "Characteristic" descriptor is used to represent the overall aroma of the sample (i.e. smell of marijuana). Hedonic tone is the overall pleasant or unpleasantness of the descriptor (range is Unpleasant -4, through 0, to Pleasant +4). Intensity is on a scale of 0-100, with 100 being most intense; intensity sets the peak height. RT = Retention Time. Width is defined as width at half-height of the Aromagram peak. Event area is a dimensionless value = Intensity x Width x 100, and is comparable to peak area counts generated with a mass selective detector. 
440
Pseudo™ Narcotic Scent Cocaine formulation.
441
Effects of quantity of sample on cocaine odor perception 442 Odor profile was different between 1 g of cocaine and 1 kg of cocaine, i.e., generally, description, hedonic tone, intensity, and retention time for each peak are presented in Table 4 and 528 Table 5 . 
532
Overlay of aromagrams generated with olfactometry data of Sigma Pseudo™ Narcotic Scent Cocaine formulation (inverted black 533 signal, "E1" from Table 1 , aroma details in Table 4 ) and 1 g illicit cocaine in an opened bag (red signal, D5 of Table 1 , details in 534 Table 5 ). "Characteristic" descriptor is used to tag an odor component that represents the overall aroma of the sample (i.e. smell 
552
formulation using Carboxen/PDMS SPME fiber. Chemical and aroma signals are generated simultaneously using a MD-GC-
553
MS-O. Details on identification of compounds in TIC are given in Table 4 in Rice and Koziel [22] . Details on compounds in 554 aromagram are given in Table 4 . Zoomed view shows mismatch of aromas detected and chemicals detected. Event# corresponds to numbered peaks in Figure 12 . "Characteristic" descriptor is used to represent the overall aroma of the sample (i.e. smell of cocaine). Hedonic tone is the overall pleasant or unpleasantness of the descriptor (range is Unpleasant -4, through 0, to Pleasant +4). Intensity is on a scale of 0-100, with 100 being most intense; intensity sets the peak height. RT = Retention Time. Width is defined as width at half-height of the Aromagram peak. Event area is a dimensionless value = Intensity x Width x 100, and is comparable to peak area counts generated with a mass selective detector. Table 1 ). 1 hour static room temperature extraction of VOCs emitted into headspace from 1 g of illicit
576
cocaine in an opened plastic bag using Carboxen/PDMS SPME fiber. Chemical and aroma signals are generated simultaneously 577 using a MD-GC-MS-O. Details on identification of compounds in TIC are given in Table 4 in Rice and Koziel [22] . Details on 578 compounds in Aromagram are given in Table 5 . Event# corresponds to numbered peaks in Figure 13 . "Characteristic" descriptor is used to represent the overall aroma of the sample (i.e. smell of cocaine). Hedonic tone is the overall pleasant or unpleasantness of the descriptor (range is Unpleasant -4, through 0, to Pleasant +4). Intensity is on a scale of 0-100, with 100 being most intense; intensity sets the peak height. RT = Retention Time. Width is defined as width at half-height of the Aromagram peak. Event area is a dimensionless value = Intensity x Width x 100, and is comparable to peak area counts generated with a mass selective detector.
581
Heroin Odor detection canines. Full details of odor character, hedonic tone, and intensity are given in Table 6 . 
643
644
MS-O. Details on compounds in TIC are given in Table 5 in Rice and Koziel [22] . Details on identification of compounds in 645 aromagram are given in Table 6 . Zoomed view show mismatch of aromas detected and chemicals detected. Event# corresponds to numbered peaks in Figure 15 . Hedonic tone is the overall pleasant or unpleasantness of the descriptor (range is Unpleasant -4, through 0, to Pleasant +4). Intensity is on a scale of 0-100, with 100 being most intense; intensity sets the peak height. RT = Retention Time. Width is defined as width at half-height of the Aromagram peak. Event area is a dimensionless value = Intensity x Width x 100, and is comparable to peak area counts generated with a mass selective detector.
649
Conclusion
650
The purpose of this study was to demonstrate that there is not a direct linear relationship 651 between chemical concentration (i.e., abundance of VOCs in headspace), and odor impact (i.e.,
652
OAVs calculated from published odor detection thresholds). The data presented in this study 653 demonstrates that demonstrates that odor impact is influenced more by the odor detection 
667
The use of SPME enabled us to extract and pre-concentrate VOCs present in sample contributors that make up the sum total aroma of these drugs. The concept of OAV is useful to 672 researchers without such instrumentation, as they may be calculated from published ODTs.
673
More research is warranted to expand the available databases, and determine ODTs for 674 compounds of interest. 
